Abstract
Introduction
Genetic recombination, mixing of DNA molecules from different sources, is one of the fundamental living processes for all organisms [1] . The process, which is commonly used for DNA repairing as well as enhancing genetic variation and enriching gene pools, is essential for the survival and vitality of a species from the evolutionary point of view. Genetic recombination, however, is a complicated process and often difficult for students of biology to comprehend.
In eukaryotes, meiosis provides the most important mechanisms for genetic recombination. Meiosis is a key reproductive process leading to the formation of gametes. During meiosis, allelic genes are segregated and non-allelic genes on non-homologous chromosomes are assorted independently. Segregation and independent assortment of genes are two fundamental principles of genetics. Genetic recombination during meiosis is due either to the independent assortment of unlinked genes or to the exchanges of non-sister chromatids resulting in crossing over (homologous recombination) of linked genes [2, 3] .
Independent assortment of unlinked genes can be explained by the fact that different chromosome configurations occur at metaphase I of meiosis; i.e., nonhomologous chromosomes of paternal and maternal origins are randomly lined up on both sides of the cell's central plane; thus the genes on different parental chromosomes are assorted independently according to the chromosomal configuration during gamete formation. An interactive software program for this process has recently been developed [2, 3] . This paper describes a newly developed interactive computer program for tracking chromosome and DNA behaviors during meiosis to demonstrate the molecular mechanism of non-sister chromatid exchanges leading to homologous recombination of linked genes. Since the detailed event of DNA exchanges during the homologous recombination [4, 5] has not been well characterized, understanding the overall process has been challenging in genetics education. In response to the need for a new, improved tool for learning molecular genetics, a computer-based interactive program was developed.
Software Development
The software was developed based on the Microsoft .NET 2.0 platform using VB .NET as the programming language. GUI was implemented by using GDI+, which is part of .NET 2.0. Chromosomes and DNA were modeled to provide interactivity and flexibility. The 2D-Ragdoll Physics method is embedded in every virtual chromosome node to create smooth movements similar to genuine chromosomes. Elements (nodes) are connected together but kept at a desired distance from one another. The system ensures that individual elements do not clump together once the model starts moving. On the basis of different functions, the entire application is divided into several subprograms and developed as combined package.
This package consists of three functions: 1) segregation of allelic genes resulting in the reduction of 4 to 1 gene copy as the outcome of the separation of homologous chromosomes at anaphase I and the separation of sister chromatids at anaphase II consecutively, 2) genetic recombination of unlinked genes as the consequence of different chromosome configurations with respect to paternal and maternal origins at metaphase I, leading to independent assortment of chromosomes and unlinked genes, and 3) genetic recombination of linked genes between paternal and maternal origins due to the exchange of non-sister chromatids involving a complicated molecular event consisting of double strand breaks, Holliday intermediate formation, branch migration, resolution, and the recombination of homologous DNA. This paper addresses the third function.
During homologous recombination, DNA base sequences are exchanged between two similar or identical DNA duplexes, each belonging to a non-sister chromatid [1] . The process involves several steps of physical breaking and the eventual rejoining of DNA. In order to understand each recombination step, a computer DNA model is designed for vivid visualizations and interfaces. The model is capable of demonstrating key DNA behaviors that are essential for recombination. One of the early steps is shown in Figure 1 . 
1) Modeling of DNA
The DNA model consists of a series of independent nodes and their bonds shown in Figure 2 . A bond connecting two nodes forms a DNA backbone with the homogeneous appearance. A grey block linking to the backbone represents a base at the specific position. The color (e.g., red) bordering the block is used to indicate whether the base is a wild type (original) or mutant (changed). Two strands form a double-stranded DNA structure. 
2) Key Steps in Homologous Recombination
The process of the homologous recombination is based on the double stranded DNA model, which is capable of controlling nodes and their movement. Table  1 is a list of key steps of the entire homologous recombination process. The DNA cleaving and joining processes are often difficult to follow. Based on the commonly used textbook diagrams [1] , we developed a twistable, 2D
Key Step
Interactive Process Action 
4) Animation Mechanism
The animation processes are controlled by both the model itself and the external timing function such as a timer periodic activation runtime. Each node consists of three sets of coordinates: current, goal, and stepping. As shown in Figure 4 , to animate the DNA processing, each node was assigned a new goal coordinate, and the stepping coordinate is calculated from the current and goal coordinates for every single move. When taking steps, the strand returns a value indicating whether the movement has reached the limit. If not, the timer continues until it returns true. The timer stops only when all strands return true. 
Software Implementation
The following demonstrate the simulated interactive steps for homologous recombination.
Step 1 ( Figure 5 Step 2 ( Figure 6A ): Pairing of DNA duplexes-Two non-sister chromatids in step 1 are chosen to demonstrate the molecular mechanism of homologous recombination. 5' and 3' ends of each DNA strand are labeled to indicate the consistency of DNA polarity during recombination.
Step 3 ( Figure 6B ): Double strand break (DSB)-Double strand break is introduced in one DNA duplex belonging to one chromatid by Spo11.
Step 4 ( Figure 6C ): Resection of DNA breaks-A 5' to 3' exonuclease (MRX protein, also called Rad 50/58/60 nuclease) is used to process DNA breaks at the 5' to 3' direction, generating short sequences of single stranded DNA (ssDNA) with 3' tails.
Step 5 ( Figure 6D ): Strand invasion-Invasion of one strand to its homologous DNA duplex belonging to the other non-sister chromatid is helped by Dmc1 and Rad51.
Step 6 ( Figure 6E ). Formation of D-loop-The targeted dsDNA of the other non-sister chromatid is separated for a stretch and held apart by the invaded strand of DNA. The third strand (invaded strand) has a base sequence complementary to one of the targeted strands and pairs with it, thus displacing the other strand in the region. A D-loop is a region of triplestranded DNA.
Step 7 ( Figure 6F ): Second strand invasion-A similar process as step 5 occurs for the second strand which invades to the left side of the D-loop. Note: The detail of this process is unclear. Step 8 (Figure 7 upper) Formation of Holliday intermediate and branch migration-DNA repair synthesis from 3'ends (in 5' to 3' direction) by DNA polymerase takes place, and the newly synthesized DNA (orange) is joined to the existing DNA strand by DNA ligase, forming 2 Holliday junctions with crossover DNA strands connecting the 2 DNA duplexes belonging to the two original non-sister chromatids.
Holliday junctions are moving apart from each other as a result of branch migration.
Step 9 (Figure 7 lower) . Preparation for visualizing DNA cleavage at Holliday junctions-For the ease of visualization, curved arrows in the enlarged circles are used to indicate the direction of 180 degree rotation of the DNA at the upper portion of the Holliday junctions prior to cleavage and resolution. Step 10 (Figures 8-9 ): Resolution of Holliday intermediate-Two methods of resolving the Holliday intermediate are possible: a) Cleavage at site 1 (or site 2) of both junctions will result in small stretches of heteroduplex DNA and non-crossover products (Figures 9 and 10) . On the other hand, cleavage at site 1 of junction 1 and site 2 of junction 2 (or vice versa) will result in crossover products (Figures 8 and 19 ). 
Conclusions
Recent advances in computer technology have opened up a new direction of teaching and learning in a number of fields. Interactive, dynamic visualization has now proven to be an inspiring tool in education, especially for web-based and multimedia learning [6] [7] [8] .
The interactive computer program for genetic recombination is part of our software system developed as a new tool for teaching genetics and molecular biology which require a combination of understanding, conceptualization and practical experience. The program is also useful for teaching genetics components in a number of other biology courses at high school and university levels. In the future, the software will be expanded to include a variety of molecular biology topics including DNA replication, gene expression, and genomic analysis to benefit the training of advanced biology (especially biotechnology) students.
